The relationship between the three primary modes of Pacific sea surface temperature (SST) variability-the El Niño-Southern Oscillation (ENSO), the Pacific decadal oscillation, and the North Pacific mode-and U.S. warm season hydroclimate is examined. In addition to precipitation, drought and stream flow data are analyzed to provide a comprehensive picture of the lower-frequency components of hydrologic variability.
Introduction
The notable impacts of ENSO on global climate [see, e.g., the review by Rasmusson (1991) ], including significant U.S. connections (Ropelewski and Halpert 1986) , have drawn a great deal of attention to Pacific variability and related atmospheric anomalies. In addition to ENSO, there is now considerable evidence for two other important modes of Pacific variability with significant teleconnections: a mode with decadal-scale time variations, spanning both the tropical and extratropical Pacific (Nitta and Yamada 1989; Zhang et al. 1997; Mantua et al. 1997; Zhang et al. 1998; Enfield and Mestas-Nuñez 1999) ; and a mode (or modes) in the North Pacific, with both strong decadal-scale and in-terseasonal-interannual variability (Weare et al. 1976; Davis 1976; Tanimoto et al. 1993; Deser and Blackmon 1995; Nakamura et al. 1997; Mestas-Nuñez and Enfield 1999) .
Various aspects of the connections between U.S. precipitation and ENSO have been examined in several studies (Douglas and Englehart 1981; Ropelewski and Halpert 1986; Richman et al. 1991; Montroy 1997; Montroy et al. 1998) , although focus on the summer season has not been common, with a few exceptions (Ting and Wang 1997; Higgins et al. 1999) . The relationship between ENSO and other elements of the U.S. hydroclimate, including drought, stream flow, and snow water content, has also been analyzed (Redmon and Koch 1991; Cayan and Webb 1992; Piechota and Dracup 1996) but, again, with little emphasis on summer.
Links between decadal-scale Pacific sea surface temperature (SST) variability and North American climate are also beginning to be explored. Ting and Wang (1997) analyzed coupled variability between U.S. summertime precipitation and Pacific SST variability. While the first coupled mode was associated with ENSO, the second coupled mode exhibited decadal-scale variations and linked U.S. summertime precipitation anomalies with VOLUME 14 J O U R N A L O F C L I M A T E SST anomalies in the North Pacific Ocean.
1 Livezey and Smith (1999) have shown a link between decadal-scale U.S. surface temperature and 700-hPa height variations and a pan-Pacific SST pattern-an SST pattern with significant values over large regions of both the Tropics and extratropics. Analysis of annual precipitation anomalies in the western United States has also identified decadal-scale variations associated with a pan-Pacific pattern of SST anomalies (Cayan et al. 1998) . In addition to the North Pacific-United States connection documented by Ting and Wang (1997) , North Pacific variability has also been linked, in the winter, to the Pacific-North American (PNA) atmospheric pattern (Deser and Blackmon 1995) , which substantially impacts U.S. winter weather (e.g., Wallace and Gutzler 1981) . The Pacific decadal variability also appears to affect U.S. wintertime climate through modulation of the ENSO relationship (Gershunov and Barnett 1998) .
Although the evidence for a relationship between U.S. climate anomalies and multiple modes of Pacific variability is growing, the structure of the SST modes (and their teleconnections) identified in these different studies remains to be robustly characterized. The identified modes may be broadly grouped into three categories: ENSO; a pan-Pacific SST pattern with decadal-scale variations, consisting of an out-of-phase relationship between the central and eastern equatorial Pacific and the central North Pacific; and a pattern (or patterns) restricted to the North Pacific, with both decadal-scale and higher-frequency variations. Between different studies, however, the boundaries between the categories are blurred; the first SST mode (in terms of explained variance) of some studies (Nitta and Yamada 1989; Ting and Wang 1997) has similarities to both the ENSO mode in other analyses (e.g., Zhang et al. 1996) and the panPacific decadal mode (Mantua et al. 1997; Zhang et al. 1997) , while some realizations of the pan-Pacific mode (Mantua et al. 1997) , in turn, look similar to the North Pacific mode (Deser and Blackmon 1995) . Some studies show results only for the North Pacific (Tanimoto et al. 1993 ), so it is not possible to discern whether the derived mode is limited to the region or is part of the pan-Pacific mode. Furthermore, the North Pacific SST variability described by the second coupled mode in Ting and Wang (1997) is structurally different from North Pacific variability analysis based on SST alone (e.g., Tanimoto et al. 1993) . Finally, aspects of the derived time evolutions, such as the climate shift in 1976/77, are associated with different modes in these studies: variously, ENSO (Deser and Blackmon 1995; Nitta and Yamada 1989) , the pan-Pacific mode (Mantua et al. 1997; Zhang et al. 1998) , or the North Pacific mode (Tanimoto et al. 1993) .
In addition to the lack of clear distinction among the 1 Although, the pattern of SST anomalies was different than that extracted from the SST-only based analyses mentioned at the beginning of this section.
various Pacific SST modes, aspects of the linkages during summer, the primary growing season, have remained largely unexplored, particularly from the hydrologic viewpoint (e.g., precipitation, drought, and stream flow considered together). Accordingly, the current study has two principal objectives: first, to differentiate among the structures of the robust modes of Pacific SST variability; and second, to comprehensively evaluate their impact on warm season U.S. hydroclimate, by examining linkages with precipitation, drought, and stream flow.
The primary SST analysis is based on the monthly anomalies during 1945-93. Because this observationally rich period provides only four to five possible realizations for decadal-scale variability, the short-term SST analysis is supplemented by a variability analysis of the 1900-91 SST record. The hydroclimatic data analyzed are precipitation (1950-85), stream flow (1950-85) , and the Palmer drought severity index (PDSI; 1945-93) . Atmospheric circulation data are also examined, from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis . The datasets are described in section 2.
The first three modes of Pacific SST variability (ENSO, the pan-Pacific decadal mode, and the North Pacific mode) are considered in section 3. These modes are extracted from the monthly anomalies via rotated principal component analysis (RPCA), with the analysis specifically designed for accurate differentiation among modes (rotation of modes, large domain, unfiltered data, all months of the year included). This approach objectively extracts all three modes from the same analysis, without recourse to time filtering.
The linkages to U.S. precipitation, drought, and stream flow are obtained from regression against the principal components of these modes, and the June, July, and August regressions are described in section 4. This hydrologic analysis is complemented by analysis of the corresponding upper-level streamfunction anomalies and stationary wave activity in the 1958-93 NCEP-NCAR reanalysis data. The atmospheric analysis shows a coherent flux of stationary wave activity from the eastern North Pacific for both decadal modes, extending across the United States.
Having examined these general relationships, specific long-term drought episodes are considered in section 5, to assess the importance of the three SST modes during the central U.S. drought of the 1950s and the northeastern drought of the 1960s. The SST modes are active in both periods, particularly the North Pacific mode during the 1960s drought, and the observed drought patterns are similar to the patterns generally associated with the SST modes.
The final analysis segment, section 6, is a sensitivity analysis of the extraction of the SST modes. The three modes are also extracted from long-term (1900-91) data to assess the stability of the 1945-93 analysis, and a
comparison is provided between the full-domain and the North Pacific basin analyses, and between rotated and unrotated results. Discussion and conclusions follow in section 7.
Data

a. Sea surface temperature
The University of Wisconsin-Milwaukee version of the Comprehensive Ocean-Atmosphere Data Set (UWM/COADS; da Silva et al. 1994 ) was used as the primary dataset for SST. The COADS data has proven to be a highly useful basis for studies of SST variability (e.g., Tanimoto et al. 1993; Deser and Blackmon 1995; Zhang et al. 1996; Nakamura et al. 1997; and many others) . The UWM/COADS is a revised version, at higher resolution, and with a complete set of estimates of heat, momentum, and freshwater fluxes. While the higher resolution and fluxes of these data are not capitalized on in the current analysis, the UWM revised version is used to allow compatibility with future analysis of the fluxes and higher-resolution features. The UWM/ COADS SSTs are available monthly from 1945-93, on a 1Њ lat ϫ 1Њ long grid. The primary data concern for SSTs in this period is the spatial density of observations. Quality control consists of a statistical analysis that identifies outliers. Even in the early part of the analysis record, there are only a few 1Њ lat ϫ 1Њ long boxes containing no observations, with some exceptions in the equatorial regions and the southeastern part of the domain. The North Pacific is the best observed area of the basin, with coverage maximizing around 30ЊN. An objective, successive-correction technique was used to interpolate over areas of missing data and to remove small-scale, noisy features, essentially using the same technique as Levitus (1982) . See da Silva at al. (1994) for a detailed discussion of the preparation of the data. For the current analysis, the data were interpolated to a 2Њ lat ϫ 6Њ long grid, and all calculations were performed on an equal-area version of the grid.
In order to provide a longer-term comparison for the variability analyzed from the UWM/COADS data, the reduced-space optimal smoothing extended SST analysis of Kaplan et al. (1998) is used to analyze the variability from 1900 to 1991. The Kaplan et al. analysis is based on a combination of a least squares optimal smoother and an 80-member empirical orthogonal function reconstruction based on the 1951-91 period (Kaplan et al. 1997 (Kaplan et al. , 1998 . The input data are monthly averaged anomalies of individual ship observations from the U.K. Meteorological Office historical sea surface temperature dataset [see Parker et al. (1994) and Folland and Parker (1995) for a discussion of systematic bias corrections] version of the Global Ocean Surface Temperature Atlas (Bottomley et al. 1990 ). The extended Kaplan et al. analysis uses this procedure for the 1856-81 period and a reconstruction, with the same 80 members, of the NCEP optimal interpolation analysis (which combines ship observations with remote sensing data; Reynolds and Smith 1994) for the post-1981 period. The Kaplan data is available monthly, on a 5Њ lat ϫ 5Њ long grid; the period used for the current analysis is 1900-91.
b. Subsurface ocean temperatures
The 1950-95 ocean reanalysis produced at the University of Maryland (Carton et al. 1999a,b) was used to provide an estimate of subsurface temperature anomalies. The ocean reanalysis procedure is similar to atmospheric reanalysis and uses an optimal interpolation scheme in conjunction with an high-resolution ocean model to assimilate a wide variety of observed data. The observed data includes temperature and salinity profiles from the World Ocean Atlas-94 [from mechanical bathythermographs, expendable bathythermographs (XBTs), conductivity-temperature-depth, and station measurements], as well as additional XBT data, sea surface temperature, surface winds, and altimetry data. Several quality control restrictions were applied in the reanalysis, with the most restrictive being comparison to climatology and tests for static stability. Spatially, data coverage closely follows ship routes and is similar to that of the COADS data. The resolution of the data is based on the ocean model grid, which expands from 0.5Њ lat ϫ 2.5Њ long in the Tropics to 1.5Њ lat ϫ 2.5Њ long at midlatitudes. See Carton et al. (1999a) for a full discussion of the reanalysis procedure.
c. Precipitation
The monthly precipitation values for the coterminous United States used in this study are extracted from the Global Historical Climatology Network (GHCN) dataset. This dataset was designed specifically for monitoring and detecting climate change, and has undergone many quality control tests, including visual inspection of all station time series, tests for mislabeling of times and locations, and others (Vose et al. 1992) . The GHCN data combines several previously existing datasets; the bulk of the U.S. stations are from the U.S. Historical Climatology Network (HCN; Karl et al. 1990 ), which has extensive quality control, including corrections for bias due to change in observing times (Karl and Williams 1987) . We have repeated our precipitation analysis with only the HCN stations and the results are not sensitive to the change, so we have used the additional stations in the GHCN dataset for greatest station density. From the GHCN data, we have extracted only those stations that began reporting on or before 1950, and ended reporting on or after 1985, to maintain consistent spatial coverage. The 1950-85 period was chosen as a compromise between station density and length of record (see Fig. 1a for the resultant 1473 stations). Given the uneven distribution of stations, all computations and 
d. Palmer drought severity index
The PDSI is a monthly value indicating the severity of a wet or dry spell, based on a balance between the supply and demand of moisture calculated from a complex empirical relationship involving precipitation and temperature [see Palmer (1965) for the details of the calculation and Alley (1984) for a detailed critique]. Although often used as a measure of meteorological drought, the calculation involves parameterized evapotranspiration and soil moisture conditions, so it is also a measure of hydrologic drought (Alley 1984) . Negative values represent dry spells and positive values represent wet spells, with values of 0.5 to Ϫ0.5 representing normal conditions. Values of Ϫ0.5 to Ϫ1.0 correspond to incipient drought, Ϫ1.0 to Ϫ2.0 to mild drought, Ϫ2.0 to Ϫ3.0 to moderate drought, and Ϫ3.0 to Ϫ4.0 to severe drought; values greater than Ϫ4.0 represent extreme drought. The same ranges, with opposite signs, hold for the strength of wet spells. The PDSI values are available for the 344 U.S. climate divisions (see Fig. 1b for the center positions of the divisions) for 1895-present; the data for 1945-93 were extracted. The calculation of the index attempts to account for different local climates and the seasonal changes, so that the values may be directly compared between different regions and different seasons. All computations were performed on the original divisional data and then gridded onto the same 2.5Њ lat ϫ 2.5Њ long grid as precipitation.
e. Stream flow
Monthly mean values of stream flow for 1950-85 were extracted from the U.S. Geological Survey's Hydro-Climatic Data Network (HCDN) for the 987 stations reporting at least 75% of the time for each month, JuneAugust (see Fig. 1c for station locations). The HCDN dataset was developed to minimize the impacts of human influence by excluding measurements of humanregulated river flows and by careful quality control (Slack and Landwehr 1992) . All computations were performed on the original station data with only the final results gridded onto the same 2.5Њ lat ϫ 2.5Њ long grid as the other variables. While stream flow stations represent specific geographic locations and processes, rather than samples of a continuous field, the station data nevertheless show a considerable amount of spatial coherence. We have verified that the gridding, while perhaps counterintuitive, does indeed provide an accurate, modestly smoothed version of the individual station data. The regional coherence of U.S. stream flow, as well as its independence from natural drainage divides, has been documented by Lins (1997) , and contour plots of stream flow are not uncommon (see, e.g., Cayan and Webb 1992; Lins 1997) .
f. NCEP-NCAR reanalyses
The NCEP-NCAR monthly reanalysis fields (Kalnay et al. 1996) for the 1958-93 period, at 2.5Њ lat ϫ 5Њ long resolution, were used to provide an estimate of winds, streamfunction, and divergence. The NCEP-NCAR reanalysis uses a spectral statistical interpolation scheme in conjunction with a T62 (ϳ210 km) spectral model with 28 vertical sigma levels. The wind and streamfunction data are considered to be ''A'' class variables, the most reliable class, indicating a strong influence by the observational data. Horizontal divergence was calculated from the wind components and, as a derived quantity, is less reliable.
Primary modes of Pacific SST variability a. Methodology
A covariance-based RPCA is used to extract the primary modes of SST variability from monthly data, 1945-93, for the Pacific basin north of 20ЊS, with nine modes rotated under the ''VARIMAX'' criterion (see, e.g., the discussion in Richman 1986). The monthly annual cycle has been removed from the data. With RPCA, the number of rotated modes should be large enough that all relevant information is included but small enough so that irrelevant information (''noise'') is not included. This was assessed by determining the range of number of rotated modes where the structures of the first three modes (and their regressions to the hydrologic variability) were stable; the rotation of nine modes is representative of this stable range. VARIMAX rotation maintains the constraint (from the unrotated calculation) that all modes be temporally uncorrelated. In order to verify that this constraint is not significantly impacting the analysis, we have redone the analysis with each of the first three modes removed in turn (using the spatial patterns and time series of the original analysis).
For each of the first three modes, removal of one mode does not materially effect the other two, with the ordering and characteristic spatial and temporal characteristics of the modes essentially unchanged. Although the analysis of hydroclimate linkages focuses on summer, all calendar months are used in the SST analysis. Inclusion of all months of the year is the most appropriate sampling for monthly data (Madden 1999) and includes the most information (we have verified that all three modes of interest are active throughout the year). Similar SST modes and associated hydroclimate regressions result from a summer-only analysis. As noted in the previous section, the calculation is done on an equal-area grid to prevent bias toward the northerly latitudes, which are overrepresented in a latitude-longitude grid. A comparison with the same modes extracted from the longer-term (1900-91) data, the rationale for this technique, and a comparison with unrotated and regional analysis are presented in section 6.
b. Extracted modes
The spatial patterns for the first three modes are displayed in Fig Weare et al. 1976) , with a spatial pattern similar to well-developed ENSO conditions (e.g., Rasmusson and Carpenter 1982; Nigam and Shen 1993) . The spatial pattern of the mode (Fig.  2a ) includes all calendar months and essentially represents an average over the ENSO evolution. Since the ENSO evolution is phase-locked to the annual cycle (Rasmusson and Carpenter 1982) , the summer contribution (Fig. 2d) more closely corresponds to a specific time in the evolution: the initial development of large central Pacific anomalies. Even though time filtering has not been used, the results for ENSO are quite similar to the 6-yr highpass analysis of Zhang et al. (1997; cf. their Fig. 3 ), confirming that spatial pattern is sufficient to separate ENSO from the lower-frequency variability.
The second mode (Figs. 2b and 3b) is referred to in this study as the Pacific decadal oscillation (PDO), due to the full-basin extent of the spatial pattern and the long timescales present in its evolution and in correspondence to previous studies. This rotated realization of the PDO is broadly similar to that of Mantua et al. (1997) , and the ''ENSO-like decadal'' mode of Zhang the other modes from being forced to be uncorrelated to it. Removing each of the modes, in turn, allows an assessment of whether the restriction of being mutually uncorrelated is affecting the structure of the modes. et al. (1997) , but with less signal in the North Pacific and in the equatorial eastern Pacific. As in both of those studies, the evolution of this mode captures the striking SST changes centered on 1976-77 (e.g., Trenberth 1990) . 3 Although the PDO has some similarities to ENSO in the North Pacific, the differences in tropical structure are quite large. The summertime structures highlight this difference in the equatorial eastern Pacific during summer (cf. Figs. 2d,e) . The structural differences between the PDO in this analysis and in previous studies are due to the rotation of modes here [a more physically motivated choice; see Richman (1986) ], and to the larger domain of the current study, which, for the PDO, introduces more relevant information. These effects are considered explicitly in the sensitivity analysis in section 6.
The third mode (Figs. 2c and 3c ) is referred to here as the North Pacific mode, due to its restriction to that region. The associated time evolution reflects both decadal-scale fluctuations and strong interseasonal variations. Variants of this mode have also been previously extracted, as discussed in the introduction, and its spatial relationship with the North Pacific Ocean's arctic frontal zone has been noted (Nakamura et al. 1997) . Note that, although most previous analyses of this mode have concentrated on the wintertime structure, the mode is quite vigorous in summer (Fig. 2f) . The summertime vigor and all-season persistence of the North Pacific variability have also been discussed by Zhang et al. (1998) and Norris et al. (1998) ; Norris et al. have noted the close association between local marine stratiform cloudiness and the SST anomalies.
The time series for each of the three modes is very similar to the SST data at the grid box closest to the maximum spatial loading. Indeed, the spatial patterns of the modes are easily found in the unprocessed SST data by regressing to SSTs at (110ЊW, 0Њ), (20ЊN, 125ЊW), and (40ЊN, 160ЊW), respectively. It is important to note, therefore, that the spatial distinction between the three modes is a product of the SST data, itself, not the RPC technique.
Since both the PDO and the North Pacific mode have substantial high-frequency variability, highly smoothed versions of the time evolutions (overlaid lines in Fig.  3 ) were used to verify that the spatial patterns were representative of the lower frequencies. ''Decadal'' is used here to refer to the timescales that are intermediate between interannual and secular. This rather broad definition is based on the observed variability of the modes as extracted here and on correspondence of terminology with previous analyses. Given the possibility of stochastic dynamics such as those suggested by Hasselmann and Frankignoul (Hasselmann 1976; Frankignoul and Hasselmann 1977) , a more narrow definition may be nonphysical.
As implied by the more limited analysis of Nakamura et al. (1997) , there are two robust modes of Pacific decadal variability with signals in the North Pacific, so any discussion of the decadal signal in the Pacific or associated teleconnections must distinguish between the two modes. 
SST linkages to U.S. hydroclimate a. Warm season drought and stream flow relationships
The warm season (June-August) mean covariances between the three SST modes and U.S. PDSI and stream flow are shown in Fig. 4 . Since the rotated principal components (time series) are all uncorrelated with each other (see section 3a), the relationships shown are linearly independent of one another.
ENSO is related to wet conditions in the west and central regions, in agreement with previous precipitation analyses (Ting and Wang 1997; Higgins et al. 1999 ).
The sign of the relationships as shown corresponds to the warm phases of the modes (e.g., El Niño), as seen in Fig. 2 ; the sign would reverse for the cold phases (e.g., La Niña).
The PDO is related to wet conditions extending from the southwest to the central regions, with strong negative values in the northern extent of the central and western regions. The North Pacific mode is primarily related to negative values extending diagonally from Texas through the Northeast. Both decadal modes have relationships comparable in strength to that of ENSO.
The drought index is an integrative variable, with current conditions strongly impacted by previous con- ditions (explicit in its empiric formula), so it varies slowly over the course of a season, so that the seasonal averages shown are quite representative of the monthly fields. Stream flow is also affected strongly by previous conditions and storage terms, such as snowmelt. It varies more within the season, but its quasi stationarity is shown by the good correspondence with drought index in the seasonal means. As has been previously noted for the general case (Lins 1997) , the stream flow anomalies here do not closely correspond to natural basin areas. For both the PDSI and stream flow, RPCA of the variable itself yields patterns that are much more regionalized than the relationships shown here (Karl and Koscielny 1982; Lins 1997) , a result consistent with external forcing for the large-scale relationships obtained in this analysis. Stations locally significant at the 95% level are denoted with a dot.
In general there is close agreement between the patterns in drought index and stream flow, except for regions in the Southwest, following an arc through Arizona, New Mexico, and the western extent of Texas, Oklahoma, and Kansas (e.g., compare the differences between Figs. 4c and 4f ). This is a region of low mean stream flow in the summer, so the memory of stream flow is greatly reduced. This decreased memory, in turn, reduces stream flow's local agreement with the high memory drought index.
The relationships were also computed with heavily smoothed versions of the time series (see Fig. 3 ) to verify that the relationships were associated with the lower-frequency variability of the modes. The statistical field significance (as in Livezey and Chen 1983; Wilks 1995) was calculated for each relationship from the raw climate division and station data, and is 97%, 92%, and 96%, respectively, for the three drought relationships and 92%, 96%, and 99% for stream flow. This significance calculation accounts for abnormal distribution, spatial correlation, spatial multiplicity, and-very important for these cases-the temporal autocorrelations associated with the low frequencies of both the SST time series and the drought and stream flow data.
b. Monthly precipitation relationships
Given the importance in the timing of precipitation anomalies, to agriculture, for example, it is important to assess not only the seasonal hydrologic signals but also the monthly relationships. Monthly calculations for the drought and stream flow (not shown) verify that the relationships vary only slowly over the course of the season (with stream flow varying slightly more than drought). The monthly precipitation relationships, however, change markedly. The relationships between precipitation and the three SST modes computed for June, July, and August, separately, are shown in Fig. 5 . While a seasonal average of the precipitation relationships looks similar to the corresponding drought and stream flow relationships shown in Fig. 4 in the eastern threequarters of the United States (there is little summer precipitation in the western quarter), there are very strong
intraseasonal variations that are not reflected in a seasonal average.
We have verified the stability of the monthly analysis by both recalculating the analysis with only a randomly chosen third of the months and examining the monthly evolution for the warm phase and cold phase, separately. Features associated with a cluster of three or more locally significant stations (denoted by dots in the figure) are generally robust. Further, monthly evolution generated from only the lower-frequency variability of the modes (the smoothed time series in Fig. 3 ) is quite similar to what is shown.
For ENSO, there is a striking evolution along the East Coast, which is very wet in June, somewhat dry in July, and then very dry in August, in agreement with the monthly Southern Oscillation index analysis of Richman et al. (1991) . For the PDO, the position and pattern of the positive values in the central United States varies notably over the course of the season. For the North Pacific mode, both June and August look quite similar to the seasonal mean (cf. Fig. 4f ), but the intervening month, July, does not. At the monthly timescale, areas that appear to be only weakly affected in the seasonal mean (e.g., the East Coast for the ENSO case), can actually have a large precipitation signal. This intraseasonal evolution is understandable in light of the notable evolution of the climatological circulation over North America during the warm season [e.g., the onset of the Mexican monsoon (Barlow et al. 1998) ]. Modeling of the North Pacific-North American response to remote low-frequency forcing has been shown to be sensitive to the annual cycle at the monthly timescale (Newman and Sardeshmukh 1998) .
As previously noted, the western extent of the drought and stream flow signals does not appear to be forced by the June-August precipitation, consistent with the small amount of local summer precipitation. Hydrologic memory is to be expected in this largely mountainous region, with a considerable snowpack. Understanding the full summer hydrologic signal will require consideration of previous seasons, with a careful analysis of storage terms.
c. Warm phase-cold phase comparison
The asymmetry of ENSO's atmospheric teleconnections between warm phase (El Niño) and cold phase (La Niña) is well known (e.g., Halpert and Ropelewski 1992; Hoerling et al. 1997) . In particular, the response of U.S. precipitation to tropical SSTs has also been shown to be sensitive to the sign of the SST anomaly (Montroy et al. 1998 ). Further, a modeling analysis of wintertime response to North Pacific SST anomalies was shown to be asymmetric, as well (Kushnir and Lau 1992) . It is of considerable interest, then, to consider the differences in U.S. hydrologic relationships for positive anomalies (warm phase) and negative anomalies (cold phase) associated with the modes. This is shown in Fig. 6 . ENSO, unsurprisingly, has a stronger signal associated with the warm phase, and the central U.S. maximum is slightly more to the north. The PDO is largely symmetric, with somewhat more strength in the central United States during its cold phase. The North Pacific mode retains the band of negative values from Texas to the Northeast in the cold phase, but more weakly. The negative drought index values extend to the north in the western region somewhat more in the cold phase. The warm phase-cold phase stratification of the modes, themselves (i.e., in SST), is much more symmetric.
Although the strength of the relationships varies considerably from warm phase to cold phase, the overall patterns remain similar, maintaining the same centers of action. In addition to quantifying the warm phase-cold phase differences, this separation also demonstrates that the patterns are not the result of a particular period or single extreme event.
d. Atmospheric teleconnections and stationary wave activity
The Plumb flux, an extension of the Eliassen-Palm relation, is a useful diagnostic for identifying possible source regions for stationary waves (Plumb 1985) . The horizontal Plumb flux, F, is given as
where p is the pressure level, a is the radius of the earth, and are latitude and longitude, is streamfunction, and a prime denotes deviation from the zonal mean (the ''eddy'' component). As shown by Karoly et al. (1989) , the Plumb flux diagnostic of stationary wave activity clearly captures the Tropics-to-extratropics Rossby wave propagation from a tropical heating source, as realized in a linear model. They note, however, that in the real atmosphere, tropical heating appears to affect the extratropics in a more complicated fashion, perhaps through modulation of the subtropical jet via a local Hadley-like circulation generated by the tropical heating. The tropical-extratropical connection, in this case, will not be reflected solely in stationary waves and so may not be fully revealed by Plumb flux analysis. For example, the stationary wave activity associated with (wintertime) ENSO is largely confined to the extratropics. The Plumb flux diagnostic, then, is useful for identifying the source region and propagation of stationary wave activity but not necessarily the original physical forcing region. Figure 7 shows the 300-hPa eddy streamfunction anomalies and the associated stationary wave activity for the three SST modes. Due to the shorter overlap between the NCEP-NCAR reanalysis and the precipitation and stream flow data (the atmospheric data begin in 1958, the precipitation and stream flow data in 1950), statistical significance was not calculated, and the results should be considered suggestive, rather than conclusive.
The summertime relationship with ENSO (Fig. 7a ) shows the expected upper-level anticyclone in the tropical central Pacific, as well as somewhat weak anomalies throughout the region. A flux of stationary wave activity is present from the eastern North Pacific across the United States. In terms of simplified Gill-Matsuno-type dynamics (Gill 1980 ), a Kelvin wave packet is expected to the east of the central Pacific tropical heating associated with ENSO. The tropical branch of the upperlevel cyclonic circulation over the Caribbean is consistent with this and suggests that the southeastern United States may be influenced by both propagating anomalies from the west and more directly forced local anomalies.
The summertime anomalies associated with the PDO (Fig. 7b) States. Associated with these is a large (compared to ENSO) flux of stationary wave activity. The ridging and troughing over the United States, through modulation of the jet and associated baroclinic activity, is consistent with wetter conditions in the central and eastern regions and drier conditions in the Northwest (see the drought pattern in Fig. 4b ). Wet conditions in the Southwest are consistent with the local upper-level ridging enhancing the summertime monsoon-like precipitation of that area.
In the summertime anomalies associated with the North Pacific mode (Fig. 7c) , a coherent doublet of anomalies exists, with a positive center over the eastern central Pacific and a negative center over the western United States. Associated with these anomalies is a flux of stationary wave activity, splitting to the north and south over the western United States. The southern branch extends more weakly, recurving back in the northeastern United States (not visible at displayed vector magnitudes). The weaker features are also nearly equivalent barotropic. The region of upper-level negative values over the Northeast corresponds to a surface cyclonic circulation. This circulation opposes the climatological influx of moisture into the eastern United States associated with the western extension of the Bermuda high. This appears to be consistent with the belt of negative anomalies in the hydrologic variables.
This presents a consistent, if somewhat broad, picture of the relationship between the three modes of Pacific SST variability and the U.S. hydrologic anomalies. All three SST modes are associated with stationary wave flux from the North Pacific, extending into the United States. The streamfunction (height) anomalies associated with this flux are roughly equivalent barotropic in structure, consistent with remote forcing. The largescale atmospheric anomalies over the United States are, in turn, generally relatable to the associated drought patterns. The dynamical mechanism linking the ocean surface temperature anomalies and the atmospheric circulation anomalies over North America, however, remains to be elucidated.
Specific long-term droughts a. 1952-56 central U.S. drought
The drought of the 1950s was both large in scale and severe, and lasted from approximately 1952 to 1956 (e.g., Diaz 1983 ; the observed PDSI for the summers of this period is shown in Fig. 8a . While drought conditions existed over most of the United States, the most severe values extended north from Texas through Kansas. In the Pacific Ocean, both the PDO and ENSO were active during this period (see Fig. 3 ), mostly in their respective cold phases, and the observed SST anomalies (Fig. 8b ) reflect a mix of the cold phases of the two modes. Since a general drought relationship has been calculated for each mode, the time series for each SST mode may be averaged for the period, multiplied by the corresponding drought relationship, and summed, to yield the drought signal linearly associated with the three SST modes. That is, the loading values (spatial patterns) for each mode have been multiplied by the respective time-averaged principal components (time series). This is shown in Fig. 8c , with half of the contour interval used to display the observed values. (The indices for the three modes during this period, averaged from the time series in Fig. 3, were Ϫ0.61, Ϫ0 .69, 0.24, respectively.) While the correspondence between this computed drought and the observed values is far from perfect, particularly in terms of magnitude, the computed drought does capture the maximum of drought extending north from Texas to the central United States. Given the strong local hydrologic feedbacks active in drought (e.g., Lyon and Dole 1995) , as well as the possibility of somewhat longer-term feedback due to storage terms such as snowpack, it is possible that the Pacific SSTs may determine structural aspects of the drought, with the magnitude dependent on local feedbacks. Alternatively, it is possible that the influence of Pacific SSTs is modulated by some other large-scale factor and only fully develops under particular conditions. For example, SST anomalies also exist in the central North Atlantic during this period and it is possible they play an active role in the development of the drought.
b. 1962-66 northeastern U.S. drought
Another long-term severe drought episode occurred in the Northeast during the 1960s, from about 1962 to 1966 (Namias 1966 (Namias , 1967 ; the observed summertime drought anomalies are shown in Fig. 9a . Note that the severe drought over the Northeast is accompanied by a large-scale pattern of drought index anomalies.
As noted by Namias, the SSTs during this period exhibited warm anomalies in the eastern North Pacific and an area of negative anomalies off the northeastern coast of the United States. Given the pattern of Pacific anomalies, the North Pacific mode would be expected to be active; it was, with an average index value of 1.0 (ENSO SST activity averages to almost zero during the period, and the PDO average index is Ϫ0.62). It is important to remember that principal component-type analysis is forced to extract a full set of modes and will do so even from random data. In addition to the stability analysis discussed in section 3a, the coherent expression of the North Pacific mode in five years of observed data, as shown here, provides strong evidence that the mode is not a statistical artifact. The coherence of the warm phase of the mode in a 5-yr average also validates the consideration of the mode as decadal scale.
The linearly related SST drought signal can be computed as before, as shown in Fig. 9c . As expected from the pattern of observed SST anomalies, the North Pacific mode is dominant during this period, so the SST-related drought pattern looks very similar to the general North Pacific mode drought relationship (Fig. 4c) . This North Pacific mode-related pattern strongly resembles the observed anomalies. Recalculating the general drought relationship for the North Pacific mode without the 1960s, to avoid bias towards this single event, results in a weaker signal but with the same general features, including the negative maxima in Texas and the Northeast. Thus, the correspondence between observed 1960s drought and the general drought relationship with the North Pacific mode is reasonably robust.
Because the NCEP-NCAR reanalysis begins in 1958, the observed circulation anomalies may be examined. Figure 10a shows the 300-hPa streamfunction anomalies, zonal mean removed, and the associated stationary wave activity for June-August, 1962-66 . Although the field is somewhat noisy, as expected from a simple time average, a coherent flux of wave activity extends from the eastern North Pacific across the United States, associated with a series of streamfunction centers of ac-
The lower-level winds and divergence over the United States are shown in Fig. 10b . (700 hPa is chosen to avoid intersection with the Rockies; the same features in the east may be observed at 925 hPa.) The upperlevel cyclone-ridge-cyclone pattern is reflected in the lower levels. This near-equivalent-barotropic character is consistent with remote forcing. The cyclonic circulation over the eastern United States opposes the climatological summertime inflow of moisture into the eastern United States, which is associated with the western extension of the Bermuda high and consistent with the band of drought from Texas to the Northeast. This is as in the general relationship (Fig 7c) , but with much greater strength over the Northeast. The eastern extent of the cyclonic circulation over the western United States is consistent with a strengthening of the largescale flow in the northern regions of the central United States, which may explain the wet anomalies in the north-central regions during this period, perhaps at the expense of the regions directly to the south.
There is a consistent picture, then, physically linking the North Pacific SST anomalies with the drought: a local atmospheric anomaly develops in association with the SST anomalies; in turn, a flux of stationary wave activity develops, extending over the United States, and the equivalent-barotropic cyclonic circulation over the Northeast opposes the normal influx of moisture.
The primary question, then, is why the drought occurred in 1962-66, since the North Pacific mode has been active, in the positive phase, during other times (see Fig. 3c ) without severe drought; several possibilities exist. Notable SST anomalies are also present in the Atlantic Ocean adjacent to the northeastern drought area, as noted by Namias (1966 Namias ( , 1967 , who suggested that positive feedback between the local Atlantic SST and circulation anomalies contributed to the persistence of this drought. Consistent with this, the general stationary wave activity associated with the North Pacific mode (Fig. 7c) extends only weakly into the Northeast, whereas the observed activity during the drought extends strongly into the Northeast. The negative SST anomalies off the northeastern coast are accompanied by positive anomalies off the southern coast of Greenland throughout the drought episode, forming a dipole structure. An index of this Atlantic dipole shows considerable correlation to drought in the Northeast and is also consistent with a local, reinforcing role for the Atlantic. The dipole structure is reminiscent of the SST signature of the North Atlantic oscillation (NAO; Rodwell et al. 1999) and, indeed, the November-February average of the Climate Prediction Center's NAO index shows 1963-66 to be a coherent period (in the seasonal average) of negative NAO activity (Halpert and Bell 1997, their Fig. 31 ).
Another possibility is that the atmospheric connection to the SST mode may be interfered with by other activity; the 1962-66 period is an unusually coherent episode of the North Pacific mode, with relatively little other SST signal. The uniqueness of the period in the North Pacific, difficult to see in the evolution of SST index, is highlighted in the subsurface temperature anomalies, which are shown averaged over the region of the North Pacific mode in Fig. 11 (data unavailable for 1945-50). The 1962-66 period is seen to be the dominant period of positive subsurface anomalies. The strong negative anomalies in the late 1970s and 1980s have been examined by Deser et al. (1996) , who showed that the lower-frequency variations are the result of a series of high-frequency pulses, apparently propagating down from the surface. The warm anomalies in the 1960s are also composed of a series of pulses, although the propagation and apparent wintertime forcing of the Deser et al. study is not prominent (possibly due to the greater data scarcity of this earlier period). In fact, the SST anomalies are greatest in summer, when the atmospheric forcing is weakest. The summertime maximum in the variability of the North Pacific mode has also been noted by Zhang et al. (1998) , and the possibility of a role for low clouds in maintaining the summertime SST anomalies, despite the shallow mixed layer, has been explored by Norris et al. (1998) . The current analysis highlights the importance of the subsurface variability in understanding the North Pacific mode and the uniqueness of the 1960s, although the uncertainties in the data assimilation during this data-scarce period must be carefully examined.
Sensitivity analysis of SST modes
a. Verification of modes in 1900-91 data
For decadal-scale variability, the 1945-93 period provides only a small number of possible realizations. In order to verify that analysis based on this relatively short period does not distort the structure of low-frequency variability, the SST analysis was also performed on the 1900-91 period, from the Kaplan et al. (1998) SST data. The northern extent of the domain was restricted to 50ЊN to avoid a region of high variance and low data coverage. Six modes were rotated (rotation of nine modes produced similar results, but six modes produced the closest correspondence, probably because the longerterm data were more sensitive to larger numbers of rotated modes). The grid was latitude-weighted to avoid bias due to the unequal areas of a latitude-longitude grid; this is comparable to the equal-area grid used for the short-term data (see Chung and Nigam 1999) . Modes corresponding to the PDO and the North Pacific mode were second and fourth, respectively, in terms of variance explained; the time variations are shown in Fig.  12 , filled in line form, with the shorter term analysis overlaid. The agreement is good (correlations of 0.96, 0.80, and 0.89, respectively), particularly in the lower frequencies, and, correspondingly, the spatial patterns (not shown) are quite similar, as well. We have also verified that the drought relationships, as computed from the 1945-91 portion of the long-term analysis, are quite similar to those shown from the short-term analysis (cf. Fig. 4) . The third and fourth modes of the long-term analysis correspond to the fourth and fifth modes of the short-term analysis, with good agreement during the mutual time period, also. The same analysis technique was applied to the Kaplan et al. (1998) data for the nonoverlapping 1900-44 period, again yielding the same modes and further verifying the stability of the spatial and temporal structures of the modes. The long-term analysis also shows that the general features of the variability seen for each mode in the short term are present in the long term as well. In particular, note that the dramatic shift in the PDO in 1976-77 is not unprecedented in the long term. While the data coverage in the Pacific is rather poor before 1945, and therefore not definitive, the longer analysis does yield very consistent results. This general agreement in spatial structure, temporal structure, and drought relationship strongly suggests that the relative shortness of the 1945-93 period is not materially affecting the extraction of the decadal-scale variability, as far as can be determined from the existing observational data.
b. Comparison with regional and unrotated analyses
As noted in section 3, there are some significant differences between the PDO derived in this study and variants derived previously. Previous analysis has almost exclusively involved unrotated EOF-principle component-type analysis. The lack of rotation imposes a rather strict constraint: all modes must be spatially orthogonal. As demonstrated by Richman (1986) , this approach can be prone to producing nonphysical modes.
An example of the analysis in this study, but performed in a more regional domain and without rotation, is shown in Fig. 13a . The rectangle in the North Pacific delineates the analysis area; the resulting time series is then regressed to SSTs throughout the full domain to show the associated large-scale pattern. This approach is like that of Mantua et al. (1997) , with similar results. In particular, the resultant first mode is similar to the PDO of this study (Fig. 2b) , but with substantially more signal in the North Pacific and in the eastern equatorial Pacific. In fact, this mode looks like a mix of the PDO and the North Pacific from the current study. As previously noted, unrotated analysis cannot yield two modes that are not spatially orthogonal, and these two modes are not. This means that unrotated analysis is unable to extract both the PDO and North Pacific modes as realized in this study. has been identified in several previous analyses, as noted in the introduction, and since it is physically realized in the data (e.g., in the 1960s), it seems most likely that there are indeed two distinct physical modes, but that an unrotated analysis will mix them together. If the regional analysis is then rotated, it yields, as the first two modes, a North Pacific mode (Fig. 13b ) and a PDO mode (Fig. 13c ) that are quite similar to those of the current studies. The remaining differences are due to the regional analysis, which analyzes the PDO based on only part of its structure and, additionally, biases in ENSO, which has a somewhat similar structure in the North Pacific.
Finally, we note that rotation is an issue even for the first mode of a full domain analysis. Figure 13d shows the first unrotated mode for the full domain. It is quite similar to the ENSO mode (Fig. 1a) and is very highly correlated, but has some spatial differences that are distracting. Note that, in this unrotated realization (which cannot accurately resolve the PDO, because it is not orthogonal to ENSO), ENSO has more signals in the North Pacific and begins to look more similar to the PDO. Additionally, the time series (not shown) begins to show something like the 1976/77 transition of the PDO, further confusing the issue.
cluded, as in the current study, the two modes do overlap significantly, and thus cannot be resolved in unrotated analysis.
Given that two of the three modes span the larger domain, and that unrotated analysis is unable to resolve the three modes together, we strongly advocate largedomain, rotated analysis.
Summary and discussion
The connection between Pacific Ocean variability and U.S. hydroclimate is investigated by extracting the three primary modes of Pacific SST variability and documenting the relationships with U.S. precipitation, drought, and stream flow. Both the general relationships and specific long-term U.S. drought episodes are considered. The atmospheric linkage between the Pacific and the United States is examined in the streamfunction field, and the coherence and propagation direction of the associated stationary wave activity is assessed.
The modes of Pacific variability are extracted via rotated principal component analysis for the full Pacific domain north of 20ЊS. This technique extracts the three primary modes from a single analysis, allowing a direct intercomparison of the structures, as well as an unambiguous partitioning of explained variance.
Following are the principal findings of this study.
R There is a significant relationship between the three primary modes of Pacific variability (ENSO, PDO, and the North Pacific mode) and U.S. warm season precipitation, drought, and stream flow. The relationships with drought and stream flow vary little through-VOLUME 14 J O U R N A L O F C L I M A T E out the season, but the relationship with precipitation varies substantially from month to month. R All three SST modes are associated with a coherent flux of stationary wave activity over the North Pacific that propagates into the United States. The atmospheric anomalies are for the most part equivalent barotropic in structure and consistent with the largescale patterns in the hydrologic signal. R The SST modes are also related to specific, long-term U.S. drought episodes. Most notably, the northeastern drought of 1962-66 is closely associated with the North Pacific mode. This period also provides an example of a physical expression of the mode, further validating the modal SST analysis. R The PDO and the North Pacific mode represent two distinct modes with decadal signal in the North Pacific, with the North Pacific mode capturing most of the local variability. The North Pacific mode also includes notable high-frequency variability. In the subsurface temperature data, the high-frequency variations take the form of pulses, while the low-frequency variations appear as a modulation of these pulses. The notable changes in the Pacific Ocean, centered on 1976/77, are well captured by the evolution of the PDO.
Since there is a heavy socioeconomic cost associated with drought, particularly the severe, long-term droughts of the 1950s and 1960s, it is of considerable interest to assess the predictive capabilities inherent in the present analysis. While the identified relationships do not have inconsequential magnitudes, the best-case scenario based on the simultaneous, linear relationships, as given, would probably not explain more than 25% of the variance for most regions.
The current analysis, however, is not necessarily intended to be directly applied to prediction but rather to identify the important variability structures for further study. In particular, a critical issue is the identification of the factors that cause the general precursor relationships to greatly intensify during particular periods (e.g., 1962-66) . A natural next step is a case study, focusing on the development of the anomalous conditions into the mature structures documented in the current study. Given the new availability of three-dimensional information in both the atmosphere and the ocean during the 1962-66 period, a detailed analysis of this drought episode can now be undertaken. Hopefully, a monthly analysis of the codevelopment of the oceanic and atmospheric anomalies will shed some light on the dynamics of the variability, particularly of the subsurface pulses in the North Pacific. As part of an analysis of the evolution of the pattern, the summertime hydrologic analysis of this study needs to be extended to the other seasons, particularly winter, when large storage terms can be set up through snowpack.
The relationship between U.S. hydroclimate and other modes of SST variability, such as the second mode in Ting and Wang (1997) and the various Atlantic modes, particularly the NAO, also needs to be further examined, particularly with respect to possible coupled effects with the three Pacific modes considered here.
Finally, the structure of the SST modes needs further analysis. This study highlights two features of the modes that need to be further developed: the vigor of the decadal variability in summer, when atmospheric forcing is relatively weak; and the broad range of frequencies associated with the ''decadal'' modes, particularly the subsurface pulses that apparently link the high and low frequencies of the North Pacific mode.
